Abstract: Background: The review of literature and patents shows that enhancing the PG production and activity are still required to fulfill the increasing demands.
INTRODUCTION
The production of industrial enzymes is a developing field in biotechnology, with an annual global sale estimated to reach 6.2 billion USD by 2020 driven by a growing number of scientific studies [1] . One of the most important enzyme groups is pectinases, which is capable of hydrolyzing pectic materials (polysaccharides comprising of D-galactopyranosyluronic acid that are linked by α (1, 4) glycosidic bond to polygalacturonic *Address correspondence to this author at the Department of Chemical Engineering, University of Adelaide, Adelaide, Australia; Emails: ahmed.elmekawy@gebri.usc.edu.au, ahmed.elmekawy@adelaide.edu.au acid) which are the main components of food and agricultural goods [2, 3] . Microbial pectinases represent nearly 25% of universal food enzyme sales [4] , with two major groups; acidic and alkaline enzymes, and wide range of industrial applications in the extraction/clarification of different fruit juices [5] , decolorizing of paper pulp [6] , oil extraction [7] , tea/coffee fermentation [8] , degumming of fibers [9] and pretreatment of pectin wastewaters [10] . Innovative applications of pectinases in the extraction of DNA from plants [11] and generation of pectic oligosaccharides as efficient food components have also been recently developed [12] . Pectinases are categorized according to their mode of action to polygalacturonase (PG), pectate lyase, pectin lyase and pectin esterase [13] . PG has attracted great attention among the pectionolytic enzymes group owing to its wide application in the depolymerization of pectin. Both endo-PGs (E.C.3.2.1.15) and exo-PGs (E.C.3.2.1.67) degrade α-1, 4 linked galacturonic acid parts of the pectin's homogalacturonan chains [14] .
Improving the PG production and activity are still required to come across the growing demands. Accordingly, this enzyme has been the focus of several studies aiming at approaching efficient production on a large scale [5, [15] [16] [17] . Different microbial cells; e.g. fungi, yeast, actinomycetes and bacteria, have been described to produce PGs [2] , with molecular weights ranging from 30 to 80 kDa [18] . Generally, filamentous fungi are the most employed microorganisms in the field of enzyme industry as the majority of them (90%) are produced extracellularly [19] , which reflects on reducing costs of extraction of endocellular enzymes from whole cells. The majority of fungal PGs are acidic and mesophilic, which display optimal activities at pH 4-5.5 and 30-55 °C, with some few exceptions [20] . PGs were produced by several fungal strains particularly those belonging to the genus Aspergillus, e.g. A. niger [19] , A. oryzae [21] , A. fumigatus [22] and A. sojae [23] . The production of this enzyme was investigated under different modes of fermentation including submerged (SmF) and solid state (SSF) ones [3, 24] . The industrial implementation of SSF is currently suffering from difficulties in purifying the output product because of the heterogeneous fermentation medium, difficult scaling up, enzyme losses in the solid residues and extended fermentation periods, e.g. 5-6 days [25] . On the other hand, the SmF mode is a facile method which could be scaled up and could be successfully applied for the production of different metabolites [3] .
Exploration of a fungal enzyme, with new catalytic features and economic production, is required to meet the increasing demand for the PG commercialization in different industrial applications. The proper selection of nitrogen/carbon sources along with other nutrients is one of the most important steps in developing operative and costeffective enzyme production process, as the fermentation medium comprises approximately 30-40% of the total enzyme production cost [26] . Accordingly, this study was carried out to isolate a new fungal strain, namely A. flavus, with distinct capability to produce extracellular PG, and to examine the effects of culture conditions and fermentation medium components on the PG activity during SmF in shake-flask bioreactors. Moreover, the enzyme was purified and its kinetic characteristics were reported. The initial screening of several factors was achieved via applying the PlackettBurman Design (PBD) to determine the significant factors influencing the PG production. The BoxBehnken Design (BBD) was consequently applied to find out the optimum conditions for the PG production using a wider range of the optimized factors in the first stage (PBD). As a result, this study will provide beneficial information for the enzyme and food industrial sectors, and also be a distinct landmark for the microbiology society by specifying the optimum production conditions and biochemical features of A. flavus PG, which are still considered as a gap in the literature.
MATERIALS AND METHODS

Isolation of the Pectinolytic Fungus
Pectinase-producing fungus was isolated from rotten orange fruit brought from a local marketplace. The isolation of pectinolytic fungal strain was done according to its ability to metabolize pectin when used as the only carbon source in a selective modified pectin agar (mPA) medium (0.05 g CaCl2, 0.2 g KH2PO4, 0.8 g MgSO4.7H2O, 1.4 g (NH4)2SO4, 1 g yeast extract, 5 g citrus pectin, 15 g Agar and distilled water up to 1 L; pH 6). The fungal spores were directly transferred from the rotten orange to the mPA selective medium plates which were incubated at 25°C for 72 h. The fungal isolate, with a potential pectinase production, was selected based on the formation of wide transparent zone around the colony. The isolate was regularly maintained at 4°C on Sabouraud dextrose agar slopes (20 g glucose, 10 g peptone, 5 g yeast extract, 15 g agar and distilled water up to 1 L; pH 5.6). The identification of the isolated fungal strain was performed on the basis of its growth and microscopic morphologies which were then compared with universal manuals [27, 28] .
PG Enzyme Activity Assay
The modified pectin broth medium was inoculated with fungal spores from the isolated A. flavus and after the growth (25˚C for 72 h), the medium was centrifuged at 10 4 ×g (4°C) for 10 min, and the supernatant worked as a crude enzyme source of PG. Pectinolytic activity was examined colorimetrically at 540 nm by the 3, 5-Dinitrosalicylic acid (DNS) reagent [29] . This method depends on developing a colored compound upon the reaction between the reducing sugars, resulted from pectin hydrolysis, and DNS reagent. The total assay mixture was 1 mL, containing 0.8 mL of 1% polygalacturonic acid (PGA) in Na-acetate buffer (0.2 M, pH 5.5) and 0.2 mL of crude enzyme, and incubated at 50ºC for 10 min. The amount of liberated reducing sugars was calculated as galacturonic acid equivalent. Galacturonic acid was applied as the analytical standard (0.25-3 g/L in 50 mmol/L Naacetate buffer pH 4.8). One international unit of the PG activity was identified as the amount of the enzyme which liberates 1 µmol of galacturonic acid per minute throughout the hydrolysis reaction.
Cultivation and Optimization of PG Production
The optimization of active PG enzyme production was performed using modified pectin broth medium with different tested variables (citrus pectin substrate was replaced by dried orange pomace powder), with the PG activity treated as the response affected by these variables. The screening of seven variables were achieved through PBD and it was observed that three of them (harvesting time, pH and orange pomace concentration) had significant impact on the enzymatic activity of PG than the other four factors. So, these three variables, with wider range of levels, were studied in BBD to complete the optimization procedure of enzymatic activity.
Optimization Step 1: PBD
Seven variables including growth temperature (°C), harvesting time (h), aeration (expressed as the ratio between the medium/flask volumes), (NH4)2SO4 concentration (g/L), pH, inoculum size (spores/mL) and orange pomace concentration (g/L) were screened through the application of PBD, with two levels set for each factor; -1 for the low levels and +1 for the high ones. The interaction effects between different independent variables were not contemplated in PBD, being employed for the screening and evaluation of the significant variables that influence the PG activity based on the leverage percentage of the tested variables [30] . The statistical analyses of the obtained PBD results were performed by JMP® software (SAS Institute Inc., Cary, NC, USA). All the screening experiments were run in triplicate and the average values of PG enzymatic activity were calculated and taken as a response. The statistical design brings about 12 experiments in which the levels of the seven independent variables were diverged ( Table 1 ).
Optimization Step 2: BBD
According to the PBD results, the optimization was further opened out to a BBD. The significant variables recognized from PBD; harvesting time (X2), pH (X5) and orange pomace concentration (X7), were chosen as the main variables for BBD. These variables were matrixed at three levels, coded -1 (low level), 0 (middle level) and +1 (high level). The experimental matrix involved 15 runs ( Table 1) . In order to foresee the optimum point, a second order polynomial equation (1) was fitted for the correlation of the relationship between the PG activity response and the independent factors [31] .
(1)
Where Y is the estimated PG activity response; β0 is the model constant, X1-3 are the independent experimental variables, β1-3 are the linear coefficients, β12, β13, and β23 are the intersection coefficients and β11, β22, and β33 are the quadratic coefficients. The regression analysis of the results was performed by JMP ® software (SAS Institute Inc., Cary, NC, USA). The coefficient of determination (R 2 ) was used to judge the extent of fitting for the polynomial model equation. Three replicates for each BBD experimental run were carried out and average values were calculated.
Purification of PG Enzyme
Precipitation was performed by the addition of ammonium sulfate to the fungal medium filtrate reaching 50% saturation, which was then increased to 95% saturation for the precipitation of extracellular pectinase enzymes. The enzyme pellet was suspended in 10 mL of Na-acetate buffer (50 mM, pH 4) and dialyzed against the same buffer. The resulted concentrate was then totally loaded in a Sephadex G-100 gel filtration column with dimensions of 1 cm × 30 cm. The column was equilibrated and eluted with 40 mM Na-acetate buffer (pH 5) at 0.5 mL/min. Four mL of each fraction was obtained and analyzed for protein content and PG activity. The protein content was determined by UV absorption spectrophotometry method at 280 nm.
Polyacrylamide Gel Electrophoresis
The molecular weight of the purified PG enzyme was recognized by Na-dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) method using a vertical slab gel stuffed with 12% polyacrylamide gel [32] . Freeze-dried samples were dissolved in trichloroacetic acid (TCA; 10% v/v) and left for half an hour in ice-cold water, after which they were centrifuged at 6,000 ×g for 15 min. The resulted pellet was rinsed three times with 50% (v/v) ethanol ether and then freeze-dried to remove the solvent residuals. Samples were mixed with a loading buffer (ratio of 1:1) and subsequently heated at 100°C for 10 min prior to loading onto gels. The protein bands were visualized by silver staining.
Kinetic Characterization of PG
The Hans-Woolf plot was used to define the rate of PG enzymatic reaction with reference to Michaelis-Menten constant (Km) and maximal velocity (Vmax). The optimum pH for the enzyme activity was verified at range of 2 to 8 at 50°C for 10 min via 0.2 M Na-acetate buffer (pH 4-6) and 50 mM Tris-HCl buffer (pH 7-8). Moreover, the thermal stability of PG enzyme was tested through its exposure to a temperature of 50°C in water bath for different periods of time which ranged from 0 to 45 min at interval of 5 min. The inducement/inhibition effects of several metal ions on PG activity were also investigated by its incubation with 1 mM of Ca 2+ , Mg 2+ , Ba 2+ , Zn 2+ , K + , Cu 2+ or Fe 2+ in 0.2 M Na-acetate buffer pH 6, for 30 min at 30ºC. The profile of the relative activity, as opposed to each experimental kinetic levels, was plotted by interpreting the PG enzyme activity of the optimum level as 100%.
RESULTS AND DISCUSSION
Isolation and Identification of the Fungal Strain
The fungal growth on the rotten orange fruit was isolated according to the broadest surrounding clear zone which indicated its pectinolytic activity. Only one fungal species was isolated and identified on the basis of its morphological and microscopic features. The morphological examination of the fungal isolate revealed that the diameter of colonies on modified pectin agar medium were 6-7 cm after three days. The colonies were lime green in color with cottony/wooly texture and the reverse side of the colony was pale brown. The microscopic examination showed septate and hyaline hyphae with globose to sub-globose spherical/elliptical conidia and hyaline, long, rough walled conidiophore. The presence of metulae and phialides was also observed. These macroscopic and microscopic features were correlated to those described by identification manuals, and the fungal isolate was identified as Aspergillus flavus 12016.
Optimization of PG Production
The PBD was applied in this study for the statistical screening of variables which are significantly influencing the PG production by A. flavus. The PG activities, upon the application of the tested variables in PBD, are shown in Table S1 . There was a discrepancy in PG activity values ranging from 258 to 1991 U/mL, which reveals the prominence of studying the effects of medium composition and growth conditions for improving the enzyme activity [33] . The minimum activity was observed in the 5th experimental run, whereas the maximum PG activity was obtained in the 8th experimental run. This enhancement in the enzyme activity was achieved under growth temperature 25°C after 48 h, with initial inoculum size of 10 3 spores/mL and medium/flask ratio of 0.2. In this run, the applied concentrations of (NH4)2SO4 and orange pomace were 1 and 80 g/L, respectively.
Moreover, the main effects of the tested variables on PG production were calculated and displayed as a Pareto chart (Fig. S1) , which illustrates the degree of each estimate and demonstrates the ranking of the variable estimates. When the regression coefficients were analyzed, it was observed that all the tested variables had a positive effect on PG activity, except growth temperature, aeration and orange pomace concentration. However, a non-significant effect was noted on PG activity between low and high levels for various experimental variables, with the exception of harvesting time, pH and orange pomace concentration. Average PG activity after 48 h was superior to that after 24 h, with a significant increase in the PG activity (35%) (Fig. 1A) . Two different levels of pH (4 and 6) were applied for the optimization of PG production by A. flavus. Increasing the pH significantly improved the average PG activity (33%). Moreover, the average activity declined by 40% upon using the high concentration of orange pomace (80 g/L), compared to low concentration (40 g/L) (Fig. 1A) . The significant factors indicated by PBD were further optimized through BBD which entails the generation of regression equation, linking the response dependent variable to the coded levels of the tested independent variables. The significant variables, viz. harvesting time (X2), pH (X5) and orange pomace concentration (X7), were included in the BBD and their levels were further expanded to three ones, while the non-significant variables with negative/positive effects values were stabilized at their low (-1)/high (+1) levels, respectively. Table S2 shows the matrixed variables, displayed in coded and actual values, as well as the experimental PG activity results. The obtained results showed that all tested variables (harvesting time, pH and orange pomace concentration) significantly increased the A. flavus PG activity. The highest PG activity was obtained in the 3rd run after 48 h under pH 7 and orange pomace concentration of 40 g/L (Table S2) . Under these condi-tions a maximum activity of 4073 U/mL was obtained, which was twofold more than that achieved from the PBD screening experiment. The higher Fvalue, compared to the tabulated one, and the lower probability (P) value indicated the significance of the model at a high confidence level. Furthermore, high correlation between the actual and predicted values was observed (R 2 = 0.92) and the adjusted R2 coefficient (0.90) was also adequately high, demonstrating the degree of accuracy by which the variables were compared and confirming the model significance (Table S2) .
This model was also verified by the scatter plot (Fig. 1B) , where the majority of points were nearby the regressed diagonal line owing to the high R 2 . Moreover, the residuals were homoscedastic, in which the error's variance was reliable within the various levels of the tested independent variables. For the prediction of the optimum point, among the experimental variables; a second-order polynomial model was tailored to the resulted experimental PG activity (equation 2). 
Where Y is the dependent PG activity, whereas X2, X5, and X7 are harvesting time, pH and orange pomace concentration, respectively. Equation (4) was solved [34] , and maximal PG activity was predicted to be 4139 U/mL in the 3 rd run.
The standardized and interactive effects of the three independent variables on the PG activity were studied by a Pareto chart (Fig. S2) , in which each bar length indicated the effect of the variable on the response [30] . The permanence of the X7 2 , X7X5, X5 2 and X2X7 bars within the reference line in Fig. S2 , along with their smaller coefficient values compared to the other terms in equation (2), pointed out that these terms were ineffective contributors towards the prediction of PG activity and they were statistically insignificant at 95% confidence level. Alternatively, the bars exceeded the line (X2 2 , X7, X2X5, X5 and X2) were equivalent to variables that were significant at 95% confidence level. The positive coefficients for the model terms (X5, X7, X2X7 and X5
2 ) showed a synergistic effect on the PG activity, while the remaining negative coefficients indicated an antagonistic effect on the PG activity.
The type and concentration of nitrogen and carbon sources have always been the focus of research in the industrial sector for achieving economic media design particularly when the employed strains are lacking precise information on their optimum growth conditions. These factors along with others, e.g. growth temperature, harvesting time, aeration, pH and inoculum size, have been observed to determine the ultimate morphology of the growing culture and its ability to produce extracellular products. Accordingly, this study was commenced with the aim of obtaining a low cost medium using (NH4)2SO4 and orange pomace as nitrogen and carbon sources, respectively, resulting in maximum PG production of A. flavus, which has not been considered in any study so far, and identifying the other necessary factors that would also lead to high PG production favored in large scale fermentations. The Aspergillus-based PG enzyme production process was statistically optimized in very few studies ( Table 2 ). When the current results were compared with the previous studies on PG production from different Aspergillus species, it was clearly observed that A. flavus enzyme activity exceeded those results. In two studies conducted to optimize the PG production by A. sojae under two different modes of fermentation; SmF and SSF, the maximum activity obtained was 15.4 U/mL and 5.4 U/g, respectively [13] . Likewise, the A. oryzae PG was statistically optimized using the BBD approach, and the maximum obtained activity was 270 U/mL [35] . On the other side, the PG produced by bacterial and fungal strains, other than that of Aspergillus species, showed superior optimized enzyme activity compared to A. flavus PG, ranged from 5769.2 U/g (Bacillus subtilis) [2] to 9465 U/mL (genetically modified Penicillium griseoroseum) [36] .
Purification of PG Enzyme
The crude PG was homogenously purified via two consecutive steps, starting with 95% ammonium sulfate precipitation, followed by gel filtration chromatography with Sephadex G-100 column. Three peaks of enzyme activity were obtained for the gel filtered PG (PG1, PG2 and PG3), suggesting a number of enzymatic isoforms (Fig. 2) . PG3 had the highest activity, hence it was studied further. The specific PG activity increased from 584 U/mg (crude enzyme) to 1608 U/mg (gel filtered enzyme) of protein throughout the purification process. The homogeneity degree of the purified enzyme was confirmed using 10% SDS-PAGE in which a single noticeable band with a molecular weight of 55 kDa was obtained (Fig. 3) . Several studies reported the production and purification of extracellular PG from different Aspergillus species. Table 3 illustrates the comparative purification parameters of PG enzyme in different previously reported studies. Irrespective of the different fungal strains, growth medium and fermentation mode, it was clear from these studies that the Aspergillus-based PG molecular weight ranged from 36 -69 kDa, and the molecular weight of the purified PG enzyme in this study concurred with this range. On the other side, there was a great variation in the obtained specific activities of purified PGs, however, the obtained specific activity of the A. flavus PG was superior to the majority of the other purified Aspergillus fungal PGs, except that of A. carbonarius which possessed higher specific activity (2450 U/mg).
Characterization of the Purified PG
The purified PG activities were measured under various pH values by using the standard assay. The optimum pH was observed to be 5, when testing a pH range of 2-8 (Fig. 4A) . The enzyme significantly lost its activity at a pH less than 4 or more than 7. More than 80% of its total activity was retained after the enzyme was incubated at pH range of 4-6. Similar results were obtained with PGs from other Aspergillus species, which retained most of its activity within pH range from 4.5-5, e.g. A. kawachii [37] , A. niger [38] , A. fumigatus [22] and A. sojae [23] . This was attributed to the nature of the source environment where the enzyme was isolated from, as it normally works under acidic conditions. On the other hand, several PGs, produced by Aspergillus species, showed optimum temperatures between 40-60°C [22, 23, 38, 39] . Therefore, the enzyme thermal stability was examined at 50°C for 0-45 min (Fig. 4B) . The enzyme activity was reserved without loss for the first five minutes, followed by a gradual decrease till 30 minutes. After 45 min, a 43% loss of the enzyme activity was noticed. These results were comparable to those obtained by Sandri et al [22] who described the high stability of PG, produced by A. fumigatus, at 50°C, with approximately 80% of its activity retained after 45 min at this temperature. Moreover, A. niger PG retained 70% of its activity after incubation at 45°C for 35 min [38] , while the A. sojae enzyme was stable at 25°C after 30 min of incubation, and 40% of its activity was lost after 1 h, which confirmed the suitability of higher temperatures for the enzyme activity. The stability data of A. sojae at 37, 45, 55 and 65°C have been previously reported, describing a remaining activity from 65%-80% upon incubation at these temperatures for 0.5 and 1 h [23] . Generally, the thermal stability of PGs is an important factor, particularly in the industrial extraction of fruit juice. Fruits are initially heated to release extra juice prior to the addition of PG, which results in the release of large amount of pectin into the juice, causing the formation of cloudy and thick solution. Stone fruits, apples and berries are usually processed at 30-50°C for 0.25 to 1.5 h. Therefore, PGs must have enough thermal stability for their industrial applications [23] . [39] . The metallic cations may disturb the protein stability due to their electrostatic interaction with the surface negative charges of the protein, by generation of dipoles or fluctuations in the inter-stand dispersion forces. Moreover, they can change the water structure nearby the protein and therefore alter its hydration environment [40] .
The kinetic properties of PG, illustrating its affinity towards the substrate, were obtained by applying a typical Hans-Woolf plot through incubating the PG enzyme with different concentrations of PGA. A noticeable escalation in the enzyme reaction speed was observed, upon the gradual increase in the substrate concentration from 0.1% to 0.5%, however, no further increase was observed when the substrate concentration was increased to more than 0.5%; which could be attributed to achieving the saturation condition of the enzyme. The obvious Km and Vmax values for hydrolyzing PGA were 0.8 mg/mL and 2000 µmol/min, respectively. This low Km value indicated the superior affinity of the enzyme to the PGA substrate compared to the formerly reported Km values for different PGs; namely two PGs from A. sojae (0.75 and 0.42 mg/mL) [23, 39] and A. niger (0.08 mg/mL) [38] , with the same PGA substrate. The current A. flavus PG had 1.6 and 1.77 times more affinity towards the PGA substrate compared to the commercial enzymes Rapidase® C80 (A. niger) and Pectinex (A. aculeatus), respectively, as judged by the Km values. Moreover, the high value of Vmax is advantage for enzymes to be applied in the biotechnological field. The obtained Vmax for the purified A. flavus PG was higher than those described in other studies, e.g. A. sojae (80 and 1.14 μmol/min) [23, 39] and A. oryzae (1.01 μmol/min), while it was lower than some of non-Aspergillus PGs, e.g. Pleurotus ostreatus (5530 µmol/min) [41] and Bacillus licheniformis (23800 µmol/min) [10] .
CONCLUSION
Up to the present time, no studies are available in the literature about the optimization of medium components and growth conditions for the PG enzyme production by A. flavus. Thus, the present study will work as a starting point for initial research in this field. In addition to providing new information on the growth optimization of this fungal strain, this study also served as a paradigm for the utilization of statistical tools with the fungal systems to offer the operator the flexibility to choose the optimum parameters according to the enzyme production response through the polynomial model. After two-step optimization process, the maximum PG enzyme activity was achieved after 48 h upon the usage of orange pomace substrate at 40 g/L. Furthermore, the A. flavus PG was purified by gel-filtration chromatography and single band was obtained by using SDS-PAGE analysis with a molecular weight of 55 kDa. The biochemical characterization and optimization of A. flavus PG clearly indicated that this fungal strain can be a potential PG producer for a wide range of industrial applications.
CURRENT & FUTURE DEVELOPMENTS
The biological sciences are quickly developing and will soon create super-enzymes which are more effective and enable the integration of enzymes with various technologies. This could be obtained by the investigation of new enzymes or extremely functional enzyme proteins by analyzing their structures and exploring their mechanisms on a genetic level. These developments can lead to an enhancement in industrial processes. Moreover, enzyme engineering is a rapidly developing emerging technology because of its wide application in several fields. In the last decade, the application of genetic engineering techniques in enzyme technology had unexpected progress. There are several features which may be enhanced by genetic engineering in terms of the yield and kinetics of PG enzyme and the straightforwardness of downstream processing. Amount of PG produced by microbial strains can be amplified by duplicating the copies of genes that code for it. Novel PG structure can be created and generated to enhance the activity of the existing enzyme. In the future, PG may be redesigned to be integrated more suitably into different industrial processes. Moreover, it can be immobilized, using new techniques without loss of its activity which enables the multiple reuse of the enzyme.
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